An in-situ observation method for structures at high temperature is developed. The new observation device proposed in the present paper can reveal grain boundaries at high temperature and enables dynamic observation of these boundaries. Grain growth while maintaining microstructure at high temperature is observed by the new observation device with only one specimen for the entire observation, and grain sizes are quantified. The quantifying process reveals two advantages particular to the use of the new observation device: (1) the ability to quantify grain sizes of specified sizes and (2) the results of average grain size for many grains have significantly less errors because the initial structure is the same for the entire observation and the quantifying process.
Introduction
In conventional studies, researchers have associated the relationships between grain size and holding time at various high temperatures to comprehend the microstructural changes, and these results have been used to predict the grain size during and after hot rolling and hot forging. [1] [2] [3] [4] [5] In the case of using the conventional observation method for an austenite structure, a specimen is first heated to a predefined temperature and maintained at that temperature for a predefined time. The specimen is then cooled to room temperature by water or He gas. Next, the specimen is cut, and the cut plane is polished to a mirrored surface and etched by picral or another etching agent. Finally, the grain size is quantified. With the conventional observational method, many specimens are required to associate the relationships between grain size and heating condition. For example, in the case of quantifying grain size at 30-second intervals while maintaining the temperature at 1,473 K for 10 minutes, 20 specimens were required. Thus, it is easy to imagine that the preparation procedure time needed at each quantification is significant.
With respect to the conventional observation method, there are three problems. The first is that the initial structure of each specimen differs during the entire process of associating the relationship between grain size and heating condition. Therefore, the quantified data contains errors due to differences in the initial structure. The second problem is that the quantified data must be an average of many grains in an observed area because of the difference in the initial structure. Therefore, it is not possible to quantify the size change for specified grains. The third problem is that dynamic changes of microstructure at high temperature cannot be observed because observation is carried out at room temperature. Therefore, dynamic changes of microstructure are inferred by the observation results at room temperature.
If an observation that is capable of quantifying the microstructural changes that occur at high temperature is carried using a single specimen for the entire process, it becomes possible to overcome each problem that hinders proper data collection.
In the present paper, a new method for observing austenite structure at high temperature is developed based on the above-mentioned concept.
Proposed Observation Device
In order to observe austenite structures at high temperature, the observation method must overcome two difficulties: (1) how does the method reveal the grain boundary and (2) how does the method observe austenite structure at high temperature.
For revealing grain boundary, the thermal etching method 6, 7) is applied to the new observation device. The thermal etching method can reveal austenite grain boundary at high temperature, because atoms diffuse and vaporize into the atmosphere from the grain boundary at a much higher rate than from the rest of the specimen, which leaves grooves that can be measured to determine the boundary. The quantified results using the thermal etching method are the same as the quantified results using the conventional observation method, which proves that the thermal etching method is reliable. 8) The new observation device is composed of two units, a hot deformation type thermo-mechanical simulator, THERMECMASTOR-Z, which can control the heating condition, atmosphere, hot deforming condition, and cooling condition, and a confocal scanning violet laser microscope, VL2000DX. Figure 1 shows the schematic layout of the new observation device. A specimen is heated by joule heating and the temperature is controlled with a type R thermocouple. If a specimen is firmly fixed at both the upper and lower ends, it buckles due to thermal expansion during heating. To avoid buckling, a specimen is hung from the upper end only, while at the lower end the clearance is set to allow for thermal expansion. The distance from the surface of a specimen to the observation window is very close, so that is exposed to a large amount of radiation heat. Therefore, to protect the observation window from extreme heat, the window is cooled by a water-filled tube.
In order to obtain clearer images, the surface of each specimen is polished to a mirrored surface, i.e., 0.1 z. Figure 2 shows the shape of the specimen.
While observing an austenite structure, the atmosphere in the chamber must be maintained at an optimal condition in order to prevent from oxidation of a specimen and the obstruction of the observation window. It is easy to imagine that oxygen in the chamber causes a specimen oxidize, thereby making it impossible to determine grain boundaries. At high temperature, atoms are diffused and vaporized into the atmosphere in the chamber from the surface of the specimen. The diffusion and vaporization of atoms reveals grain boundaries, but these atoms also obstruct the view through the observation window. Therefore, the atmosphere in the chamber is prepared by the following procedure. The atmosphere in the chamber is first vacuumed to less than 3 e-3 Pa and then filled with Ar gas. During the observation Ar gas is blown against the observation window, both to prevent the deposition of diffused and vaporized atoms and to cool the window.
These configurations of the new observation device and the atmosphere treatment make it possible to observe the revealed grain boundaries at high temperature.
Experimental Procedure
Observations of austenite structure were performed using the proposed observation device in order to confirm that austenite grain boundaries and their dynamic changes at high temperature can be observed using the proposed device. The specimen was the same as that in Fig. 2 , and the material was S 25 C. The specimen was first heated to the observation temperature (1,373, 1,473, and 1,523 K) at a rate of 5 K/s, and then maintained at this temperature for 10 min. In-situ observation was carried out while maintaining the temperature, and observed image data were saved at 15 Hz. Figure 3 shows the experimental procedure using the new observation device.
The quantifying grain size for the observed images were carried out by two methods depending on the purpose. The first method was a liner intercept method to quantify average data for many grains. The second method uses image processing to quantify grain size for each of the specified grains. The image processing method can calculate the area of a grain, and the grain diameter is converted by the square root of grain area. The quantification of the grain sizes of the specified grains is one of the most important features of the new observation device.
Results and Discussion
Figures 4 through 6 show the changes of grain size at 1,523, 1,473, and 1,373 K, respectively. These figures show that the new observation device can observe revealed grain boundaries and their dynamic changes at high temperature.
Figures 7 through 9 show the average grain size and the sizes of specified grains. The specified grains, which are selected randomly, are shown in Fig. 4(a), Fig. 5(a) and Fig. 6(a) . The grain sizes quantified by the conventional method are also plotted in the figures. Concerning the conventional method, the experiments were carried out by the following procedure (Fig. 10) . The specimen was a cylindrical shape with a height of 12.0 mm and a diameter of 8.0 mm. The specimen was heated by induction heating to the temperature (1,373, 1,473, and 1,523 K) at a rate of 5 K/s and was maintained at the temperature for 1 minute and for 5 minutes. The specimen was then quenched by water to stop grain growth. The linear intercept method was applied to the quenched specimen to quantify the average grain size. Both the average grain size of the new observation method and that of the conventional method show good correspondence. The thermal etching method is expected to require time for the primary grain boundaries to disappear and to reveal the new grain boundaries. However, the correspondence of average grain size between the new observation device and the conventional method indicates that the velocity of the thermal etching method can follow the velocity of grain rearrangement in in-situ observation. The good correspond- ence also shows that the difference between the surface energy on a specimen surface and that in a specimen don't strongly influence grain growth of austenite.
The average grain size, at each temperature, increases gradually, even though the size of some of the specified grains increase or decrease drastically with time. These The grain size changes, more than two hundred of grains, at 1,523 K were quantified by image processing, and a histogram of the grain size range and the count was generated (Fig. 11) . Figure 11 does not contain the error derived from the difference in initial structure because only one specimen was used for the observation.
From Fig. 11 , the count under 40 microns decreases drastically, whereas the count over 100 microns increases gradually. In general, smaller grains have higher internal pressure. Therefore, in order to lower the Gibbs free energy, smaller grains would be absorbed by neighboring larger grains. This phenomenon is explained by the GibbsThomson effect. Figure 11 supports the existence of this phenomenon.
Conclusions
A new observation device to observe microstructures at high temperature was developed. Grain growth at high temperature was observed by the new observation device. The average grain size and the grain sizes of specified grains were quantified. The tendency for smaller grains to be absorbed by neighboring larger grains is shown by the detailed data of quantified grain sizes.
These results demonstrate the effectiveness of the new observation device for observing microstructures at high temperature. Moreover, the observed images, without errors (
(6) (7) (8) (9) conventional (
(6) (7) (8) (9) conventional due to differences in the initial structures of specimens at each quantification, have great potential to quantify the grain size more precisely than the conventional method. (1) (2) (3) (4) (5) (6) (7) (8) (9) conventional Fig. 9 Grain size change at 1373 K.
